Optical metamaterials have the potential to control the flow of light at will 1,2,3 which may lead to spectacular applications as the perfect lens 4 or the cloaking device 5 . Both of these optical elements require invariant effective material properties (permittivity, permeability) for all spatial frequencies involved in the imaging process. However, it turned out that due to the mesoscopic nature of current metamaterials spatial dispersion prevents to meet this requirement 6 ; rendering them far away from being applicable for the purpose of imaging 7, 8 . A solution to this problem is not straightforwardly at hand since metamaterials are usually designed in forward direction;
Metamaterials are usually characterized as deriving their optical properties predominantly from the geometry of subwavelength unit cells and attaining an effective permittivity eff (ω) or permeability µ eff (ω) not accessible by natural materials. In particular, a sufficient condition for the existence of left-handed waves (wave vector k is anti-parallel to the Poynting vector S) as eigenmodes is a negative real part of both effective parameters 10 . Then, at normal incidence an effective refractive index, which is defined by normalizing the wavevector by k 0 = 2π/λ, may be introduced and attains negative values, e.g. n = −1. Frequently, it is then concluded that such a metamaterial might be employed as a perfect lens 11 . But this conclusion implicitly assumes that this effective index is invariant for all propagating and evanescent waves.
However, for all current optical metamaterials this requirement is not fulfilled 7 . Most metamaterials perform worse than an ordinary lens since even in the long wavelength limit their refraction, diffraction and absorption properties are anisotropic. Consequently, the effective index is far from being a suitable quantity to describe propagation of light beams of finite spatial width in metamaterials 8 . One rather has to resort to refraction and diffraction coefficients 13 .
Consequently, a reasonable design approach towards metamaterials should not rely on effective material parameters but on desired light propagation characteristics or imaging
properties not available in nature. Thus a new design strategy must be developed where a particular optical property of metamaterials represents the essential target function.
Here we show that this design strategy can be based on the dispersion relation of the fundamental Bloch wave which is an eigenmode of a bulk metamaterial. Departing from its dispersion relation ω = ω(k x , k y , k z ) one can impose desired constraints such as an isotropic optical response (spherical dispersion relation with constant negative curvature) or even a real and imaginary part of the longitudinal wave vector component which does not depend on the transverse one. The former property permits the introduction of a constant effective negative index whereas the latter one causes light to propagate diffractionless at a constant attenuation, rendering the material amenable to a light tunneling scheme for the purpose of imaging 14, 15 . To achieve these design goals the number of degrees of freedom defining a metamaterial has to be increased. Numerical optimization techniques may be subsequently applied to reveal an optimum set of parameters such that the optical response of the metamaterial matches with sufficient precision the predefined one. The principal propagation direction is z, the incident field is TE (y) polarized with no variation in
These additional degrees of freedom are introduced here by considering metamaterials composed of supercells. The relevant geometry is shown in Fig. 1 . A supercell is formed by four functional layers in z direction. Each functional layer consists of two metallic layers separated by a dielectric spacer and is periodic in the transverse x and y directions. to that of an isotropic medium with n = −1. All geometrical parameters of the optimized structure are documented in Appendix III. The resulting iso-frequency curve along with a best circular fit is shown in Fig. 2(a) . The effective index of the medium corresponding to the radius of the best fit amounts to n eff = −0.92. We note that although the medium acts optically isotropic, the geometry of the unit cell is not. Optical isotropy is achieved by globally balancing the spatial dispersion in each functional layer such that all together it effectively disappears. The contrast of two Gaussian beams imaged by this optimized metamaterial slab is shown in Fig. 2 To verify that the constraints imposed on the optical performance can be rather freely chosen we detail a second example. Now the target function is a longitudinal wave vector component (real and imaginary part of k z ) that is independent of the transverse component k x leading to diffractionless propagation. To ensure that the optimized supercell may be technologically implemented, we choose Al x Ga 1−x As as the dielectric spacer material 21 .
Now subsequent functional layers are separated by a polymer with = 2.4 already used in fabricating stacked metamaterials 19 . The thickness of the Al x Ga 1−x As layer was 40 nm. Its permittivity was allowed to vary in the range = 8.41...11.42. This variation is achievable by a proper stoichiometric ratio of aluminium and gallium. Another free parameter to be optimized was the thickness of the metal layers. Wavelength of operation was 1.56µm. The optimized iso-frequency curves are shown in Fig. 3(a) . All geometrical details are documented in Appendix III. It can be seen, that the imaginary part is almost constant, whereas the real part is sufficiently constant up to ≈ 2.5µm −1 . If both quantities would be invariant, each component of the plane wave spectrum of a finite object would exhibit the same phase advance and dissipation upon traversing the metamaterial slab, hence the field distribution at the entrance and exit facet of the metamaterial would be identical.
A verification of almost diffractionless propagation through the optimized metamaterial is documented in Fig. 3(b) . There, two closely spaced Gaussian beams (width 1.0 µm) were 6 placed at the entrance facet of the metamaterial. The field distribution at the exit facet for a metamaterial thickness of 2.4 µm and of 4.8 µm shows only negligible distortions due to normal diffraction for high spatial frequencies. When compared to the field distribution upon free space propagation, it is evident that diffraction is arrested. Details of the field evolution are documented in Appendix V.
In conclusion, we have shown that metamaterials can be tailored to exhibit certain optical functionalities inaccessible with natural occurring materials. Rather than meaningless effective material parameters the dispersion relation of Bloch waves constitutes the quantity on which constraints are imposed. Here the optimization procedure has been carried out to achieve either an almost perfect, but to date no subwavelength, imaging or diffractionless propagation through a metamaterial. We stress that different target functions can be easily chosen. The required, optimized metamaterials can be fabricated with standard planar technologies already at hand. Constraints imposed on the two-dimensional iso-frequency curve in the current work are only due to the finite computational resources; but in principle they can be imposed on the three-dimensional iso-frequency curve and even on the full dispersion relation. Then one ultimate goal can be achieved, namely the propagation of a light bullet where spreading in space and time is arrested. The ability to mould the flow of light as revealed in this contribution is only a prelude of a genuine class of metamaterials studies that are about to follow.
Appendix

AI Plane wave expansion technique
All simulations in this work were performed by using a home-made code that computes the dispersion relation for a unit cell periodically arranged in the three dimensional space.
It Illumination of the structure by finite beams, such as Gaussians, is modeled by decomposing the illumination into a set of planes waves and propagating each plane wave individually.
AII Optimization routines
Having in mind that the spatial dispersion in each functional layer of the super cell shall be 8 compensated to achieve a predefined dispersion relation, we computed at first the respective dispersion relations for an individual functional layer depending on a single characteristic parameter, such as the thickness of the dielectric intermediate layer or the thickness of the metallic layers while keeping all the other parameters constant. From these solutions a first qualified guess for the arrangement of the functional layers in the super cell could be derived by enforcing that the mean of the dispersion relation matches the predefined criteria.
However, this rather simplistic approach does not provide satisfying results; but serves only for the purpose to generate an initial set of data for the subsequent optimization. For this purpose a nonlinear least-squares optimization method (subspace trust-region algorithm based on the interior-reflective Newton method 25 ) was used to optimize the free parameters in the geometry. By relying on the qualified guess about 15 iterations (which correspond to 135 evaluations of the structure's response) were usually required to approach the optimized solutions. We note that slightly deviating initial conditions might lead to different solutions for the geometrical parameters which do allow, however, for the same dispersion relation.
AIII Detailed structural parameters
Here we provide detailed information on the precise structural parameters of the optimized metamaterials yielding i) an isotropic (imaging) or ii) flat iso-frequency curve (diffractionless propagation). In both cases each supercell consists of four functional layers of 0.2 µm constant thickness with slightly different structural parameters given in the tables below.
The entire metamaterial slab consists of three supercells such that the overall slab thickness amounts to 2.4 µm. The metallic layers consist of silver, whereby the dielectric spacer (the layer in between the two metallic layers) is MgF 2 with = 1.90 in case i) and it is Al x Ga 1-x As in case ii). The permittivity of Al x Ga 1-x As was taken from literature and varies in the range = 8.41 . . . 11.42 according to the chosen stoichiometric ratio x. The remaining space within the unit cell is only suggested to be completed by a polymer ( = 2.40) in case ii).
AIV Imaging properties
The imaging properties of a metamaterial slab were evaluated by illuminating the structure by two spatially separated Gaussian beams. To calculate the transmitted field behind the slab, the illuminating field was decomposed into its plane wave spectrum and each plane wave was propagated through the structure as described in Appendix AI section. The waist position was located 1.2 µm in front of the metamaterial slab. This position exactly corresponds to the front-side focus of a perfect lens with n = −1 and a thickness of 2.4 µm. These dimensions match nearly that of the optimized metamaterial which consists of three supercells (12 functional layers of thickness 0.2 µm each) and which exhibits an effective refractive index of n eff = −0.92 (see main text body for reference).
The field distribution of the electrical field at the waist position is given by
with the waist width 2σ and the beam separation 2S x . To quantify the resolution limit of a metamaterial lens the beam separation 2S x was continuously decreased whereby the waist width was kept constant with a reasonable value. Now, tracing the field in the focus position (x f , z f ) allows to evaluate the imaging contrast by
Of course, in general there exist two foci at (x f , z f ) and (−x f , z f ), but because of the symmetry of the illuminating field they are identical. The waist width of the Gaussian 
